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I. Introduction
The atmospheric concentration of carbon dioxide (CO 2 ) is increasing annually due to anthropogenic activities such as the combustion of fossil fuels and deforestation. This elevation of CO 2 concentration is considered a strong driver to global warming. The motivation for the present VUV photodissociation study of CO 2 stems in part from a desire to unravel and understand key primary photochemical processes of CO 2 induced by solar VUV excitation in the Earth's thermosphere. 1 The photodissociation of CO 2 can be considered as a sink of CO 2 . Primary photodissociation channels identified in the present study are a Department of Chemistry, University of California, Davis, CA 95616, USA.
applicable for modeling the chemical evolution in CO 2 -heavy atmospheres of solar planets, such as Venus, 2 Mars 3 and comets. 4 Carbon dioxide has negligible photoabsorption at photon energies below E6.2 eV; and the CO 2 absorption bands in the VUV photon energy [hn (VUV)] range of 6.2-11.0 eV are also very weak. The major photodissociation processes of CO 2 are expected to occur at hn (VUV) 4 11.00 eV, where CO 2 has significantly higher absorption cross sections. 5 The energetically accessible CO + O photoproduct channels from CO 2 photodissociation at hn (VUV) o 12.0 eV are listed below in processes (1)-(4) along with their corresponding energetic thresholds:
Currently, the photodissociation channels of CO 2 adopted for the simulation of atmospheric evolutions of CO 2 -heavy solar planets are based on previous VUV photodissociation studies of Lawrence 6,7 and Slanger et al. 8 Their studies indicate that the quantum yield for the formation of the spin-allowed CO( Recently, we have implemented a second independently tunable VUV laser to the VUV laser VMI-PI apparatus, and have observed significant enhancement in experimental sensitivity for performing state-to-state photodissociation measurements of simple atmospheric molecules, such as CO 2 , by using the VUV-pump and VUV-probe approach. Employing this newly established VUV-VUV laser VMI-PI apparatus, we have introduced the two-color VUV-visible (VUV-VIS) or VUV-ultraviolet (VUV-UV) laser (1 + 1 0 ) and the single-photon VUV-excited-autoionizingRydberg (VUV-EAR) detection schemes for the measurement of fine-structure distributions of nascent C( 3 P 0,1,2 ) and O( 3 P 0,1,2 ) atomic photofragments produced by CO 2 photodissociation. The latter experiment has yielded spin-orbit resolved branching ratios for the spin-forbidden CO(X 
II. Experimental considerations
The experimental arrangement and procedures of using the VUV-VUV laser VMI-PI apparatus have been described in detail previously. [10] [11] [12] [13] [18] [19] [20] Briefly, the apparatus consists of two independently tunable VUV lasers, a molecular beam production system, and a VMI-PI detector. 
III. Computational considerations
All ab initio quantum calculations were carried out using the MOLPRO program suite in the C s point group. 21 For these calculations, the generally contracted aug-cc-pV5Z basis of Dunning and co-workers were used for the description of C and O atoms. [22] [23] [24] [25] It results in 381 contracted Gaussian type functions. 22 In the present study, we have mapped the PESs of the lowest singlet states of CO 2 , including the four lowest A 0 and three lowest A 00 states. These PESs have been generated using the complete active space self-consistent field (CASSCF) [26] [27] [28] method, followed by the internally contracted MRCI approach. 29, 30 In CASSCF calculations, the three lowest a 0 orbitals were optimized but kept doubly occupied, in order to reduce the size of these calculations. This results in more than 35 Â 10 3 Configurations
State Functions (CSFs) to be considered in each symmetry of the C s point group. All valence electrons were correlated. In these calculations, the electronic states having the same spin multiplicity were averaged together using the averaging procedure implemented in the MOLPRO program. For MRCI calculations, all configurations having a weight Z0.05 in the CI expansion of the CASSCF wavefunctions were taken into account as a reference. This leads to more than 1.6 Â 10 8 (2 Â 10 7 ) uncontracted (contracted) CSFs to be considered per C s symmetry. The energies were then fitted using bi dimensional spline functions. The root mean square of the fit achieved was smaller than 1 meV. The CO 2 absorption bands covering the VUV region of interest here have been assigned previously by Cossart-Magos et al. to the vibrational progression of the symmetric stretching mode of the 4s and 3p
IV. Results and discussion
1 P u Rydberg states of CO 2 . 33 Since one quantum of the CO 2 symmetric stretching frequency is in near energy resonance with two quanta of the CO 2 bending frequency, Fermi resonance interactions occur between these vibrational modes of CO 2 , resulting in the excitation of the combination of the symmetric stretching and bending modes. The photoabsorption spectrum of Fig. 1 (a) mainly consists of two CO 2 absorption bands. The higher energy band (peaked at 97955.7 cm
À1
) has been assigned as the excited CO 2 * [4s (1 0 1 )] Rydberg state. The lower energy band may consist of three states. As marked in Fig. 1(a) , the absorption peak and the center of this band were assigned as the 4s and 3p resolved in the TKER spectra of Fig. 2(d)-(f) . ; v) vibrational bands observed in the TKER spectra. We note that the rotational fits are not unique. In a fast dissociative process, the rotational populations of CO(X 1 S + ; v) might not reach equilibrium, and thus the rotational distribution of CO photoproducts might not be able to be characterized by a rotational temperature. The simulated TKER spectra [red curves of Fig. 2(d)-(f) ] represent the sum of the best rotational distribution fits of the vibrational bands associated with the same TKER spectrum. The simulation reveals that the CO(X Fig. 4(a)-(c) , respectively. We have also marked these VUV 1 photon energies by downward pointing red arrows in Fig. 1(b) . As pointed out above, the VUV 1 excitation of CO 2 at these energies is expected to populate the CO 2 *(4s) Rydberg state at 11.967 eV and the unassigned absorption shoulder band at 11.985 eV. 33 Due to the lack of VUV 1 output at 11.974 eV, the excited CO 2 *[3p Fig. 4(a) -(c) along with the best simulations (red curves) of the TKER spectra. Similar to the TKER spectra of Fig. 2(d)-(f) , the onsets of the TKER spectra of Fig. 4(d) -(f) are found to be in excellent accord with the known thermochemical threshold of process (3) . By employing the simulation procedures described above, we have assigned the TKER spectra of Fig. 4(d)-(f) to the ; v = 0-17) vibrational states as marked in Fig. 8(b) , and to determine the relative vibrational distribution of CO(X 1 S + ; v = 0-17) as plotted in Fig. 9(a) . This CO(X 1 S + ; v) photoproduct vibrational population is similar to that observed in Fig. 7(a) , which are found to have the maximum at CO(X (1) and (4)] has been reported previously, 12 the present study is focused on the production of O( 1 D) and O( 1 S), i.e., processes (2) and (3). 
